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Spray retention, i.e. the overall capture of spray droplets by plants on initial or subsequent 18 
impact, and after loss due to run-off, is an important stage in the spray application process as 19 
droplet losses may result in reduced efficacy, economic loss, and environmental 20 
contamination. The aim of this exploratory study is to determine whether a new method based 21 
on calculating the volumetric proportions per impact type, i.e. adhesion, rebound and shatter, 22 
can be used to predict spray retention. These volumetric proportions are calculated based on 23 
logistic regression models, derived from vision-based droplet characteristics and impact 24 
assessments, and laser-based spray characteristics. The advantages and limitations of such a 25 
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method are explored. The volumetric proportions per impact type on a horizontal, synthetic 26 
hydrophobic surface were determined for four different nozzles (XR 110 01 VS flat-fan 27 
nozzle, XR 110 04 VS flat-fan nozzle, XR 110 08 VS flat-fan nozzle and AI 110 08 VS air-28 
induction nozzle) under controlled realistic conditions, and compared to the results of a 29 
retention test. The volumetric proportions of adhesion were much lower than the relative 30 
retentions, indicating that a considerable amount of rebound and shatter also contributed to 31 
final retention. The method should thus be improved by including the droplets retained after 32 
first impact and the retained proportions of partial droplet fragmentation but it is nevertheless 33 
considered a promising technique. 34 
 35 
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 37 
Nomenclature 38 
We  Weber number 39 
ρ  liquid density (kg m-3) 40 
u  droplet velocity (m s
-1
) 41 
d  droplet diameter (m) 42 
σ  liquid surface tension (N m-1) 43 
PTFE  polytetrafluoroethylene, Teflon
®
 44 
PDPA  Phase Doppler Particle Analyser 45 
θ0  static contact angle (°) 46 
θadv  advancing contact angle (°) 47 
θrec   receding contact angle (°) 48 
BSF  Brilliant Sulfo Flavine 49 
WeA/R   Weber number of transition between adhesion and rebound 50 
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WeR/S  Weber number of transition between rebound and shatter 51 
Δθ  contact angle hysteresis (°) 52 
 53 
1. Introduction 54 
 55 
Efficient and sustainable crop protection requires that the various stages in the spray 56 
application process are performed optimally and without detrimental effects on subsequent 57 
stages (Forster, Mercer, Schou, 2012). These stages are (1) deposition (the amount impacting 58 
the target area, i.e. application volume minus drift), (2) retention (the amount of spray 59 
droplets captured by plants on initial or subsequent impact, after loss due to run-off), (3) 60 
uptake (the fraction of retained material taken up into the plant foliage), and (4) translocation 61 
(the amount of absorbed material translocated from absorption site to site of biological 62 
activity) (Forster et al., 2012; Forster, Steele, Gaskin, Zabkiewicz, 2004). Poor efficiency in 63 
any stage may result in economic losses, environmental contamination, food safety issues or 64 
reduced biological efficacy (Reichard, Cooper, Bukovac, Fox, 1998; Zabkiewicz, 2007). This 65 
paper will focus on the process of retention. 66 
When a droplet impacts on a surface, three outcomes are possible: (1) adhesion, (2) 67 
rebound or (3) shatter. When a droplet hits a surface, the kinetic energy of the droplet, 68 
defined by its mass and velocity, causes it to spread out across the surface. The droplet 69 
reaches its maximum spread when all the available kinetic energy is converted to potential 70 
energy. Simultaneously, the contact angle of the droplet decreases from being advancing to 71 
receding. Subsequently, the droplet will recoil due to surface tension. During both the 72 
spreading and recoiling phases the droplet loses energy. If the energy losses are low enough 73 
the droplet will bounce off the leaf. If the losses are too great then insufficient energy remains 74 
for rebound and the droplet adheres (Forster et al., 2012; Spillman, 1984). If a droplet hits the 75 
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surface in a highly energetic state surface tension can be insufficient to maintain its integrity 76 
and it can shatter into finer droplets (Bergeron, 2003; Durickovic & Varland, 2005; Mercer et 77 
al., 2007). For optimal spray retention, droplets that impact the plant surface must remain on 78 
the plant and thus the volume percentage of adhering droplets should be maximised 79 
(Boukhalfa, Massinon, Belhamra, Lebeau, 2014; Massinon & Lebeau, 2013). 80 
The type of impact outcome depends on the characteristics of the liquid (surface tension, 81 
viscosity), droplet (size, velocity) and surface (roughness, wettability, orientation). Each 82 
impact event can be characterised by a Weber number (We = 𝜌|𝐮|2𝑑 𝜎⁄ ) which represents the 83 
ratio between kinetic energy and surface energy of the droplet, where ρ (kg m-3), u (m s-1), d 84 
(m) and σ (N m-1) are respectively the liquid density, droplet velocity, droplet diameter and 85 
liquid surface tension. Rioboo, Voué, Vaillant, De Coninck (2008) proposed for a certain 86 
surface and in the absence of viscosity modifications, a constant critical Weber number for 87 
transition between impact outcomes. Based on droplet Weber numbers and impact outcomes, 88 
logistic regression models can be established which describe the probability of droplets to 89 
belong to each impact class according to their Weber number. For example, in the models, a 90 
droplet with critical Weber number would have an equal probability of belonging to one of 91 
two different impact classes (Massinon & Lebeau, 2012b). In combination with data on the 92 
droplet size and velocity spectra of a spray, the volumetric proportions of the spray in each 93 
impact class could be determined from these regression models. 94 
The aim of this exploratory study was to determine whether a new method based on 95 
calculated volumetric proportions per impact type, i.e. adhesion, rebound and shatter, could be 96 
used to predict spray retention. These volumetric proportions are calculated based on logistic 97 
regression models, derived from vision-based measurements of droplet characteristics and 98 
impact assessments, and laser-based measurements of spray characteristics. The advantages 99 
and limitations of such a method are discussed. The development of such a method might 100 
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allow spray characteristics and settings that could result in improved retention on different 101 
crop surfaces to be identified without the need for time-consuming and costly retention 102 
studies. The surfaces of leaves vary widely in wettability, from superhydrophilic to 103 
superhydrophobic (Koch & Barthlott, 2009). However, difficult-to-wet leaves are of great 104 
concern in agriculture since they are difficult to treat with crop protection products. Hence, 105 
this study focuses on hydrophobic surfaces. Because of the variability inherent to natural leaf 106 
surfaces (Taylor, 2011), a synthetic hydrophobic surface is used to perform tests under 107 
controlled but realistic conditions.  108 
 109 
2. Materials and methods 110 
 111 
The study consisted of different steps which are described here but they will be discussed 112 
in more detail in the subsequent sections. Firstly, high-speed images of droplets of tap water 113 
impacting on horizontal, synthetic, hydrophobic PTFE coated slides were acquired for four 114 
different nozzle-pressure combinations as described by Massinon and Lebeau (2012b). Then, 115 
droplet size and velocity data were obtained using image analysis and the types of impact 116 
were visually assessed and classified into adhesion, rebound or shatter. From the droplet 117 
characteristics, Weber numbers were calculated. Subsequently, logistic regression models 118 
were developed with the impact outcomes adhesion and shatter as binary dependent variables, 119 
with droplet Weber numbers as independent variable. Based on these logistic regression 120 
models, the probability of a droplet to belonging to each impact class was established. From 121 
the probability distribution of the different impact outcomes, two critical Weber numbers of 122 
transition were determined. The droplet size and velocity characteristics of the whole spray 123 
were then determined using a PDPA laser for the same nozzles at 400 kPa and the volumetric 124 
proportions per impact type at this spray pressure were calculated from these spray 125 
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characteristics and the previously acquired logistic regression models. Finally, as a validation, 126 
a retention test on PTFE coated slides, using a chemical tracer, was performed using the same 127 
nozzle-pressure combinations. The relative retentions were compared with the volumetric 128 
proportions of adhesion. 129 
 130 
2. 1. Surface characteristics 131 
 132 
 A PTFE coated microscope slide (72 mm x 24 mm; part number X2XES2013BMNZ, 133 
Thermo Fisher Scientific Inc., Waltham, MA, USA) was used in the spray experiments to 134 
determine the volumetric proportions per impact type. The relevance of this type of synthetic 135 
surface as target surface was shown by Massinon & Lebeau (2012a) in a comparative study 136 
with outdoor grown wheat leaves and this type of surface was used here because it is possible 137 
to relate these results to a more practical situation. The static contact angle, θ0, was measured 138 
once on 10 different slides by the sessile drop method using Drop Shape Analysis system 139 
DSA14 and Drop Shape Analysis software (A.KRÜSS Optronic GmbH, Hamburg, Germany). 140 
The average static contact angle of distilled water on the slides was 139° ± 4.8°, indicating the 141 
hydrophobic nature of the surface (90° < θ0 < 150°) with a tendency towards 142 
superhydrophobicity (150° < θ0 < 180°) (Bhushan & Jung, 2011). However, the wettability 143 
found in this study greatly differed from that of the PTFE coated slides used by Massinon & 144 
Lebeau (2012b) which came from the same batch, i.e. θ0 = 169°. These differences may be 145 
because of different measuring methods, or damage or unwanted contamination of the slides. 146 
Furthermore, some variation in θ0 may be due to the intrinsic heterogeneity of the surfaces as 147 
contact angle can occur in a range of values between the advancing contact angle, θadv, and the 148 




2. 2. Spray droplet impact events and characteristics 151 
 152 
In this exploratory study, droplet size, velocity and impact type for a total 419 impacting 153 
droplets generated using four different nozzle-pressure combinations (Table 1), i.e. a TeeJet 154 
XR 110 01 extended-range flat-fan nozzle at 400 kPa, a TeeJet XR 110 04 extended-range 155 
flat-fan nozzle at 300 kPa, a TeeJet XR 110 08 extended-range flat-fan nozzle at 240 kPa and 156 
a TeeJet AI 110 08 air-induction flat-fan nozzle at 290 kPa (TeeJet Technologies, Wheaton, 157 
IL), were measured using a dynamic spray application bench (Fig. 1) as described previously 158 
(Massinon & Lebeau, 2012b). All nozzles were made from stainless steel with VisiFlo® color-159 
coding. The nozzle-pressure combinations were chosen to represent the wide range of droplet 160 
sizes and velocities found in the field but were restricted to limited pressure at higher flow 161 
rates due to the capacity of the spray bench. Every nozzle-pressure combination was tested 162 
twice. For every repetition a new PTFE coated slide was used. 163 
Tap water was used in the experiments. The surface tension of the tap water was 164 
determined by the Particle and Interfacial Technology Group, Ghent University using the 165 
Wilhelmy plate method which measures the downward force exerted on a platinum plate of 166 
known size, hanging vertically from a microbalance (Sartorius AX423, Sartorius AG, 167 
Goettingen, Germany), when the plate is brought in contact with the liquid. Prior to the 168 
measurements, all materials were submerged in a concentrated acid solution overnight to 169 
remove possible residues and then rinsed thoroughly with distilled water. The measurements 170 
were repeated three times. The surface tension of tap water was 0.071 ± 0.000 N m
-1
.  171 
Drops were generated by a single nozzle mounted 500 mm above the horizontally 172 
positioned target slide which was located below the centre of the spray. A linear displacement 173 
stage, actuated by a servomotor, moved the nozzle at a forward speed of 2 m s
-1
 perpendicular 174 
to the camera-lighting axis. Drop impact events were recorded using a high-speed camera (Y4 175 
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CMOS, Integrated Design Tools, Tallahassee, FL, USA) and LED backlighting (19-LED 176 
Constellation, Integrated Design Tools, Tallahassee, FL, USA). The acquisition frequency 177 
was set at 20,000 images per second. The pixel size was calibrated by taking a picture of a 178 
graduated ruler and by counting the number of pixels for a given length. The spatial resolution 179 
of the optical system was 10.8 μm pixel-1. The size of the image was about 2 mm high by 11 180 
mm long. 181 
Droplet sizes and velocities were determined from the acquired images by image analysis 182 
using Motion Studio (Integrated Design Tools, Tallahassee, FL, USA). Two images of each 183 
measured droplet just before impact were selected. Droplet diameter was calculated from the 184 
circle corresponding to the area of the droplet. Droplet velocity was determined by the 185 
difference in the position of the bottom of the droplet in the two selected frames divided by 186 
the elapsed time. Both droplet diameter and velocity were converted from pixels to µm by 187 
multiplication by the spatial resolution of the optical system. Only droplets that were in focus 188 
were measured. Droplets were considered to be in focus when the peripheral blur width was 189 
less than 4 pixels (< 45 µm). The blur width was determined based on the intensity of the 190 
pixels at the expected edge of the droplet compared to a fixed threshold of the 8-bit greyscale 191 
image. In addition, images of each impact event were visually assessed and classified in one 192 
of the three impact classes, i.e. adhesion, rebound or shatter. Using the droplet size and 193 
velocity, the droplet Weber numbers were computed. 194 
 195 
2. 3. Logistic regression models, Weber numbers of transition, and volumetric proportions 196 
per impact type 197 
 198 
Logistic regressions (Lammertyn, Aerts, Verlinden, Schotsmans, Nicolai, 2000) were 199 
performed with the impact classes adhesion and shatter as binary dependent variables, and 200 
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droplet Weber number as independent variable, using SPSS Statistics 19 (SPSS Inc. 2010, 201 
IBM corporation, New York, USA). Probability distributions for adhesion and shatter were 202 
determined for a range of Weber numbers (0.001 to 10,000) using 203 
𝑃𝑘 =  
1
1+𝑒−𝑙𝑜𝑔𝑖𝑡𝑘
 =  
1
1+ 𝑒−𝛼𝑘−𝛽𝑘 𝑊𝑒
         (1) 204 
where 𝑘 is the type of impact outcome (adhesion or shatter), 𝛼𝑘 is the intercept of the 𝑘
th 205 
logit, and 𝛽𝑘 is the regression coefficient of the 𝑘
th
 logit. For rebound, the probability 206 
distribution was calculated for the range of Weber numbers by subtracting their probability 207 
for adhesion and shatter from 1. The intersection between Weber number probability 208 
distributions of the different impact outcomes was defined as the critical Weber number 209 
which determines the transition between impact types. In the log-log graphs of velocity versus 210 
diameter, a constant Weber number of transition corresponds to a straight line with a -0.5 211 
slope (Rioboo, Voué, Vaillant, De Coninck, 2008).  212 
Droplet size and velocity spectra of the whole spray of the same nozzles at a spray 213 
pressure of 400 kPa were obtained using a PDPA laser-based measuring set-up also at 500 214 
mm below the nozzle as described by Nuyttens, Baetens, De Schampheleire, and Sonck 215 
(2007). The volumetric proportions of the spray in each impact class for every nozzle 216 
operated at 400 kPa were calculated from the spray droplet characteristics and the probability 217 
of the spray droplets to belong to an impact class based on their Weber numbers, the acquired 218 
logistic regression models, and Eq. (1).  219 
 220 
2. 4. Retention tests 221 
 222 
Spray retention was evaluated by a fluorimetric method using Brilliant Sulfo Flavine 223 
(BSF) as chemical tracer at a targeted concentration of 5.0 g l
-1
. The surface tension of the 224 
spray liquid was determined as described above (0.057 ± 0.000 N m
-1
). Spray applications 225 
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were performed using a greenhouse sprayer (Delvano, Harelbeke, Belgium) and a three-226 
nozzle spray boom mounted on a spray track (Foqué & Nuyttens, 2011). The three-nozzle set-227 
up was necessary to provide a uniform distribution with known application rates in the area of 228 
interest. The distance between the nozzles on the spray boom was 500 mm. The nozzles were 229 
located 500 mm above the collectors which were located in the centre of the spray boom. A 230 
total of three collector types were used in the experiments. In addition to measurements on 231 
PTFE coated slides, control measurements were performed using discs from filter paper with 232 
a diameter of 30 mm and Petri dishes with a diameter of 35 mm filled with 3 ml of water. For 233 
each collector type, five samples were placed in a horizontal position, either by placing them 234 
in a clip (PTFE coated slides and filter paper) or on a wooden holder (Petri dishes filled with 235 
water). All collectors were positioned 50 mm above a rolling bench to avoid deposition of 236 
droplets rebounding on the bench. To avoid deposition on the underside of the collectors, 237 
filter papers of same size were attached to this side of the collectors. Collectors of the same 238 
type were positioned 52 mm apart and were located in the middle of the spray swath. The 239 
three collector types were placed behind each other in the direction of the moving spray 240 
boom. Applications were made at a spray pressure of 400 kPa and driving speed of 1.1 m s
-1
 241 
resulting in application rates of 135 l ha
-1
, 546 l ha
-1
 and 1095 l ha
-1
 for the XR 110 01 VS, 242 
XR 110 04 VS, and XR 110 08 VS and AI 110 08 VS nozzles, respectively. For every nozzle, 243 
three repetitions were performed with the same nozzle set. For every repetition, new 244 
collectors were used. 245 
After exposure to the spray, the tracer was rinsed off the collectors in Petri dishes with 3 246 
ml of water for the filter papers and 20 ml for the PTFE coated slides. Per sample, including 247 
the Petri dish collectors filled with water, 200 µl was analysed using a fluorimeter (Fluostar 248 
Optima, BMG Labtech GmbH, Offenburg, Germany, excitation filter 440 nm, emission filter 249 
510 nm). 250 
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Statistical analyses were performed using IBM SPSS Statistics 19 (SPSS Inc. 2010, IBM 251 
Corporation, New York, USA). A two-way ANOVA with nozzle type and collector type and 252 
their interaction as fixed factors was performed on the relative retentions, i.e. the retentions 253 
relative to the theoretical applied spray volume. If significant, Tukey’s post-hoc tests were 254 
performed.  255 
 256 
3. Results and discussion 257 
 258 
3. 1. Logistic regression models, Weber numbers of transition, and volumetric proportions 259 
per impact type 260 
 261 
The logistic regression models for adhesion and shatter (Table 2), based on the 419 262 
visually-assessed impacting droplets, fitted the data to an acceptable level (Hosmer-263 
Lemeshow goodness of fit P > 0.05) and showed a relatively good association between the 264 
calculated Weber numbers and the observed droplet impact events (Nagelkerke R
2
 = 0.69 and 265 
0.94, respectively). In total, 87.6% of adhesion and 99.0% of shatter events were classified 266 
correctly by the respective regression models. However, these models were built and assessed 267 
using the same data of the 419 impacting droplets, therefore one might expect a reasonably 268 
good fit. Despite the high R
2
 value, the correlation does not give information on the predictive 269 
value of the model in this case but it gives a useful insight into the appropriateness of the 270 
method in general, which was the objective of the study. In particular, assuming that the 271 
impact events were classified correctly, R
2
 deviating from 1 indicates errors in Weber 272 
numbers or unexplained variation due to, for example, variations in surface characteristics. 273 
The errors in Weber numbers may be explained by measurement errors in droplet diameter, 274 
velocity or surface tension. Using automated image processing analysis to determine the 275 
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droplet characteristics, as developed by Massinon and Lebeau (2012b), might help to increase 276 
objectivity and reduce measurement errors. Furthermore, we assumed that the surface 277 
characteristics were the same for all the PTFE coated slides, but due to surface heterogeneity 278 
the contact angles may have been different within slides (Bhushan & Jung, 2011) and the 279 
surface characteristics may also have differed between slides as every slide was only used 280 
once. Also, the static contact angle measurements were performed on slides not used in the 281 
experiments. In addition, during the spray experiments the PTFE coated slides became wet 282 
and droplets unavoidably impacted on both dry and wet surfaces. These variations in surface 283 
characteristics could have resulted in different impact behaviours for droplets with the same 284 
characteristics, thus influencing the association between the calculated Weber numbers and 285 
the observed droplet impact events. The logistic regression models could be improved by 286 
including surface characteristics, thus also improving the method to predict spray retention 287 
using volumetric proportions per impact type determined based on these models and laser-288 
based spray characteristics in general. Including surface characteristics in the models could 289 
also extend the use of the method to other surfaces than PTFE coated slides, albeit this would 290 
not be a necessity when determining volumetric proportions for every surface separately. 291 
The probability distribution of the different impact outcomes on the PTFE coated slides 292 
for a range of Weber numbers (0.001 to 10,000) is presented in Fig. 2. Figure 3 illustrates the 293 
droplet characteristics of the 419 visually-assessed impacting droplets. The Weber numbers of 294 
transition between adhesion and rebound (WeA/R = 0.1) and between rebound and shatter 295 
(WeR/S = 98) are outlined on both graphs. Higher values of We resulted in rebound and shatter 296 
of the impacting drop. Rioboo et al. (2008) reported WeA/R = 0.2 and WeR/S = 60 on 297 
superhydrophobic polypropylene surfaces (θ0 = 150°) with Milli-Q water and Massinon and 298 
Lebeau (2012b) found WeA/R = 0.3, 0.3 and 0.4, and WeR/S = 70, 60 and 50 on 299 
superhydrophobic PTFE coated slides (θ0 = 169°) for distilled water (0.072 N m
-1
) at spray 300 
13 
 
pressures of 200, 300 and 400 kPa, respectively. According to the authors of the latter study, 301 
differences in Weber numbers of transition are not pressure dependent but originate from the 302 
small number of drops they observed when We was close to the Weber number of transition. 303 
Despite the lower θ0 of the PTFE coated slides used in this study, the value of WeA/R here was 304 
somewhat lower compared to previous studies. Contact angle measurements are the main 305 
method to characterise the wettability of surfaces. As the contact angle increases, droplets are 306 
less likely to adhere to the surface (Bertola, 2008; Forster et al., 2012; Mercer et al., 2007). 307 
On surfaces with a low contact angle droplets tend to spread while high contact angles 308 
describe surfaces on which droplets form spherical shapes and the contact between the 309 
adhering droplet and the surface is small (Koch & Barthlott, 2009). On surfaces with high 310 
contact angles energy is dissipated more slowly, leading to increased energy on recoil and 311 
subsequent rebound (Mao, Kuhn, Tran, 1997). As discussed by Rioboo et al. (2008), variation 312 
in contact angle hysteresis (Δθ = θadv - θrec), which is a measure for energy dissipation during 313 
the flow of a droplet over a solid surface (Bhushan & Jung, 2011), may explain the lower 314 
WeA/R found in this study as the contact angle, contact angle hysteresis and Weber numbers of 315 
transition may differ locally owing to surface heterogeneity and can thus be higher or lower 316 
than those reported in the different studies. Nevertheless, θadv and θrec were not determined in 317 
this study so the effect of Δθ on the Weber numbers of transition cannot be confirmed. 318 
The volumetric proportions within each impact class for the different nozzles at 400 kPa, 319 
calculated based on the logistic regression models and the measured droplet size and velocity 320 
characteristics of the spray, are presented in Table 3. In general, the volumetric proportions of 321 
adhesion were low for all nozzles (≤ 2.8 %) owing to the high contact angle and hydrophobic 322 
nature of the PTFE coated slides, as described above. A higher proportion of adhesion (13 %) 323 
was observed by Massinon and Lebeau (2012b) for distilled water using a TeeJet 110 03 324 
nozzle at 400 kPa, corresponding with the larger WeA/R found in that study. The slightly 325 
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different method of calculation applied by those authors, which did not include spray 326 
characterisation but only observations of impacts by high speed imaging of drops, may also 327 
have contributed to the larger volumetric proportions of adhesion. 328 
Compared to the other nozzles used in this study, the XR 110 01 VS flat-fan nozzle gave 329 
the highest percentage of adhesion and rebound and the lowest percentage of shatter. 330 
Considerably lower proportions of adhesion and rebound and larger proportions of shatter 331 
were found for the other flat-fan nozzles (XR 110 04 VS and XR 110 08 VS). The air-332 
induction nozzle AI 110 08 VS displayed the lowest proportion of adhesion and rebound, 333 
whereas the volumetric proportions of shatter were largest. Air-induction nozzles can produce 334 
sprays that contain droplets with inclusions of air when spraying a liquid with a reduced 335 
surface tension (Miller & Butler Ellis, 2000). These air inclusions are known to modify 336 
droplet impact behaviour, resulting in reduced rebound (Miller & Butler Ellis, 2000; Mota, 337 
Antuniassi, Chechetto, de Oliveira, Silva, 2013). The surface tension can be reduced by using 338 
a surfactant (Bergeron, 2003). With water alone, the proportion of air included in the spraying 339 
is very limited, even with air-induction nozzles (Mota et al., 2013). Furthermore, water-only 340 
droplets are assumed to lose their air inclusions by 200 mm below the nozzle (Butler Ellis et 341 
al., 2002). Therefore, Weber numbers and volumetric proportions per impact type were 342 
calculated in this study using tap water without correcting for possible air inclusion of the 343 
droplets produced with the air-induction nozzle. For the same reason, the logistic regression 344 
models were built without differentiating between flat-fan and air-induction nozzles. 345 
However, the presence of air inclusions may affect the impact behaviour, the density and 346 
consequently the Weber number when spraying other liquids. The extent of these effects will 347 
most likely depend on the proportion of air within individual droplets and future studies 348 
should aim to include a correction and determine whether flat-fan nozzles and air-induction 349 
nozzles should be considered separately. When for example an estimated amount of air of 350 
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20% is incorporated in the calculation of the Weber numbers of the droplets of the air-351 
induction nozzle, based on the values reported by Faggion, Miller, and Butler Ellis (2006), 352 
both Weber numbers of individual droplets as Weber numbers of transition decreased, 353 
whereas volumetric proportions of adhesion remained similar, and those of rebound and 354 
shatter respectively slightly increased and decreased (data not shown).  355 
The findings of the volumetric proportions per impact class can be explained by the 356 
droplet characteristics of the nozzles. A large amount of fine and slow moving droplets (Fig. 4 357 
and 5), with consequently low kinetic energies and Weber numbers, is produced by the XR 358 
110 01 VS flat-fan nozzle, resulting in a higher percentage of adhesion and a low percentage 359 
of shatter. Larger droplet size and velocity distribution spectra are generated by the XR 110 360 
04 VS and XR 110 08 VS flat-fan nozzles, decreasing adhesion and increasing shatter. For the 361 
same nozzle size and spray pressure, the AI 110 08 VS air-induction nozzle produces bigger 362 
droplets, although with lower velocities for the same droplet size than the XR 110 08 VS flat-363 
fan nozzle, in agreement with the findings by Nuyttens, De Schampheleire, Verboven, 364 
Brusselman, and Dekeyser (2009). This nozzle therefore produces much bigger droplets 365 
whose effect dominate, resulting in higher kinetic energies (data not shown), and favouring 366 
shatter. 367 
 368 
3. 2. Retention tests 369 
 370 
The results of the retention tests are presented in Fig. 6. The relative retentions were 371 
significantly influenced by the interaction between nozzle type and collector type (P < 0.001). 372 
The relative retentions of the control measurements (filter paper and Petri dishes filled with 373 
water) considerably differed from 100%, apart from the air-induction nozzle. The presence of 374 
air currents which mainly capture the fine droplets and prevent them from impacting on the 375 
16 
 
surface may partially account for this difference. The AI 110 08 VS air-induction nozzle 376 
produces large droplets which are less susceptible to air currents. Furthermore, large droplets 377 
are more likely to collide with the collector surface as they are less likely to deviate from their 378 
initial path when there are changes in the direction of air due to an object. By contrast, very 379 
small droplets follow almost exactly the streamlines of air flowing around an encountered 380 
object (Spillman, 1984). In addition, because of their higher velocity, coarse droplets are 381 
exposed to the influence of air movements for a shorter period than fine droplets (Matthews, 382 
2000).  383 
Due to the described effects of air currents, the relative retention on filter paper was 384 
significantly higher with the AI 110 08 VS air-induction nozzle than with the XR 110 01 VS 385 
flat-fan nozzle (P = 0.005). Furthermore, relative retention slightly increased with increasing 386 
nozzle size, although not significantly. With the Petri dishes filled with water the relative 387 
retention for the AI 110 08 VS air-induction nozzle significantly differed from all the standard 388 
flat-fan nozzles (XR 110 01 VS, XR 110 04 VS, XR 110 08 VS), whereas the retention values 389 
from the flat-fan nozzles did not differ from each other.  390 
Unlike the other collector types, retention on the PTFE coated slides was significantly 391 
lower with the AI 110 08 VS air-induction nozzle than with the XR 110 01 VS flat-fan nozzle 392 
(P = 0.036) because of the higher kinetic energy of the droplets produced by the air-induction 393 
nozzle resulting in less adhesion on the hydrophobic surface. 394 
Within the same nozzle type, the retentions on the PTFE coated slides were significantly 395 
lower than on the other collector types, except for the XR 110 01 VS flat-fan nozzle, whereas 396 
the other two collector types did not significantly differ from each other. These observations 397 
correlate with the lower wettability of the hydrophobic (PTFE coated slides) compared to the 398 
hydrophilic collectors (filter paper and Petri dishes filled with water). The absence of 399 
significant differences between the hydrophilic collectors suggests that the air flow around the 400 
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differently shaped collectors had little effect on the retention in this study, although the 401 
limited number of measurements per nozzle type per collector type (n = 15) may also conceal 402 
possible significant effects. In general, the XR 110 01 VS flat-fan nozzle shows fairly large 403 
and similar retentions (± 75%) on both hydrophobic and hydrophilic collectors. On 404 
hydrophobic surfaces the best retention was obtained with the aforementioned nozzle type 405 
which produces fine and slow moving droplets that can easily adhere, whereas on hydrophilic 406 
surfaces even better retention was reached with larger nozzle sizes that produce coarser 407 
droplets which are less susceptible to air currents. Therefore, when selecting a nozzle type, the 408 
surface characteristics of the crop should be kept in mind as they highly affect retention. 409 
Nevertheless, the relative retentions obtained here were rather high, especially on the 410 
hydrophobic PTFE coated slides, most probably owing to the horizontal position of the 411 
collectors and the lower surface tension of BSF compared to normal tap water. 412 
 413 
3. 3. Volumetric proportions per impact type versus retention tests 414 
 415 
For every nozzle, the volumetric proportions of adherence measured on the PTFE coated 416 
slides (Table 3) were much lower compared to the relative retentions on this surface (Fig. 6). 417 
This indicates that besides adhering droplets a considerable amount of rebounding and 418 
shattering droplets were retained by the collector. This effect is probably more pronounced 419 
because of the horizontal collector position and the considerable size of the collectors. Future 420 
studies could therefore focus on performing retention studies with smaller surfaces, but more 421 
importantly the method should include droplets after first impact, and not merely adhering 422 
droplets, in order to determine retention based on the volumetric proportions per impact type. 423 
Crease, Hall, and Thacker (1991) and Mercer et al. (2007) already suggested that shattering is 424 
not necessarily a detrimental outcome as the smaller and slower-moving secondary droplets 425 
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that are produced may be captured on nearby leaf surfaces and it is not unlikely that those 426 
secondary droplets could even be retained by the same surface, as mentioned by Massinon 427 
and Lebeau (2013). The same argument can be advanced for rebounding droplets. Of course, 428 
the droplets can also fall to the ground. Mercer et al. (2007) stated that if droplets bounce off 429 
the surface completely, this generally happens at the first bounce as their energy is 430 
substantially reduced by the initial impact. Tracking the droplets over a short additional 431 
period of time may therefore considerably improve the method.  432 
Furthermore, Boukhalfa et al. (2014) recently determined that a variable proportion of 433 
partially fragmented droplets may be retained at the impact location and can account for a 434 
considerable amount of retention (28-46 % on barley leaves). Future research should include 435 
these forms of partial fragmentation to further improve the prediction of retention. 436 
Some difference between volumetric proportions of adherence and relative retentions on 437 
the PTFE coated slides may be due to a different methodology used in the two experiments. 438 
As indicated above, the multiple nozzle set-up was a necessity to produce a uniform spray 439 
distribution and known application rates so as to determine the relative retentions on the 440 
collectors from different nozzle sizes. Also, a chemical tracer was needed to determine the 441 
relative retentions. This tracer can however change the liquid characteristics and thus alter 442 
impact behaviour. Future studies should therefore focus on using the same spray liquid in both 443 
the tests to calculate volumetric proportions per impact type as well as the retention tests. 444 
Moreover, for the same reason, when testing pesticides the right pesticide at the right 445 
concentration for the application volume, should be used. Furthermore, compared to the 446 
calculations of the volumetric proportions per impact type, which only used droplets that were 447 
in focus and thus fell almost vertically, the retention tests consisted of a wider range of droplet 448 
impact angles. Incorporating a 3D imaging system, such as presented by Dong, Zhu, and 449 
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Yang (2013), could provide an accurate measurement of droplet motion and help overcome 450 
these differences in methodology. 451 
In addition, the energy and reflection angle of the rebounding and secondary droplets can 452 
influence retention. The image analysis of the method could be extended to measure diameter, 453 
velocity and reflection angle of the rebounding and secondary droplets. A 3D imaging system 454 
could furthermore improve information on the spreading of droplets and the direction of film 455 
breaking. 456 
The proportion of droplets that finally remains on a plant surface depends on many 457 
factors including liquid surface tension and viscosity, surface roughness, wettability, angle 458 
and size, canopy structure and environmental conditions (Mercer et al., 2007). After 459 
optimisation, the method could be applied to investigate the effect of such reported liquid, 460 
surface and spray application characteristics, as suggested by Massinon and Lebeau (2012b).  461 
In this study we used PTFE coated slides to assess the method using volumetric 462 
proportions per impact type to predict spray retention due to their reduced within-surface 463 
variability compared to natural leaf surfaces. Although many ways exist to construct surfaces 464 
with properties ranging from superhydrophilic to superhydrophobic (Sun, Feng, Gao, Jiang, 465 
2005; Yan, Gao, Barthlott, 2011), artificial surfaces still differ from plant surfaces in their 466 
structure and chemistry, which may affect impact behaviour. Therefore, once optimised, the 467 
method should be applied in predicting spray retention on real leaves. Moreover, care should 468 
be taken that leaves of the correct species, developmental stage and growing conditions are 469 
used because these factors affect leaf surfaces (Butler Ellis, Webb, Western, 2004; Taylor, 470 
2011). When conducting experiments on leaves a larger variation in droplet impact behaviour 471 




Off course, besides the method to determine the volumetric proportions per impact type, 474 
the set-up of the retention test, which serves as reference, should be able to accurately 475 
determine spray retention under controlled, realistic and representative conditions in order to 476 
identify the effect of different spray and surface settings. For example, the EvaSprayViti 477 
developed by Codis et al. (2013), i.e. an adjustable, artificial vine that serves as test bench for 478 
assessing the agri-envirionmental performance of crop spraying equipment, might be a good 479 
reference. However, once completely optimised, the method suggested in this study, using 480 
volumetric proportions per impact type, could allow spray retention to be predicted and 481 
identify the most optimal spray settings for different crop surfaces without the need for the 482 
often more extensive and expensive retention studies. 483 
Although the XR 110 01 VS flat-fan nozzle gave a significantly higher retention on the 484 
PTFE coated slides than the other nozzles (Fig. 6), corresponding with the volumetric 485 
proportions of adhesion (Table 3), the retentions of the other nozzles did not significantly 486 
differ from each other, while the results from Table 3 indicate considerably lower volumetric 487 
proportions of adhesion for the AI 110 08 VS air-induction nozzle. The absence of a 488 
significant difference in the retention test between the XR 110 08 VS flat-fan nozzle and the 489 
AI 110 08 VS air-induction nozzle is however in agreement with Cooper and Taylor (1999), 490 
who reported similar retention for flat-fan and air-induction nozzles with the same application 491 
rate on horizontal targets in still air conditions. The results from the retention test thus 492 
confirm that the method investigated here needs improvement before it allows ranking of the 493 
efficiency of application techniques with regards to spray retention. 494 
According to Miller and Butler Ellis (2000), air-induction nozzles produce retention 495 
much closer to that of a fine spray. The higher application rate used with the AI 110 08 VS 496 
air-induction nozzle in this study may have caused significantly lower relative retentions with 497 
this nozzle than with the XR 110 01 VS flat-fan nozzle due to run-off and the altered 498 
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behaviour of impacting droplets on wetted surfaces. To allow comparison, future studies 499 
should be performed at the same application rates. 500 
 501 
4. Conclusions 502 
 503 
Retention tests were performed with the same nozzles (XR 110 01 VS flat-fan nozzle, XR 504 
110 04 VS flat-fan nozzle, XR 110 08 VS flat-fan nozzle and AI 110 08 VS air-induction 505 
nozzle) at the same pressure (400 kPa) as to determine the volumetric proportions per impact 506 
type in order to assess if the volumetric proportions of adhesion could be used to predict 507 
retention. Based on this exploratory study several limitations of the method were identified 508 
and suggestions for improvement were given. It can be concluded that the volumetric 509 
proportions of adhesion on first impact alone are not enough to accurately predict retention 510 
and the method needs improvement before it allows ranking of the efficiency of application 511 
techniques regarding retention. Nevertheless, the method used is promising as it can be 512 
extended to measure other variables, such as diameter, velocity and reflection angle from 513 
rebounding and secondary droplets, needed to further improve retention models, which on 514 
their turn could be used to investigate the effects of different formulations, surface and spray 515 
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 110 01 VS
c
 400 0.45 
TeeJet XR 110 04 VS 300 1.58 
TeeJet XR 110 08 VS 240 2.83 
TeeJet AI
d
 110 08 VS 290 3.11 
a
TeeJet Technologies, Wheaton, IL 617 
b
Extended-range flat-fan nozzle 618 
c
Stainless steel with VisiFlo
®
 color-coding 619 
d
Air-induction flat-fan nozzle 620 
 621 
  622 
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Table 2. Logistic regression models for the impact outcomes adhesion and shatter, based on 623 
the 419 visually-assessed impacting droplets. 624 
Impact class Independent variable β SE P-value 
Adhesion α 1.9 0.3 < 0.001 
 We -17.6 2.4 < 0.001 
Shatter α -6.9 1.3 < 0.001 
 We 0.1 0.0 < 0.001 
  625 
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Table 3. Volumetric proportions (%) of the impact outcomes (adhesion, rebound, shatter), 626 
calculated based on the logistic regression models and the measured droplet size and velocity 627 












 110 01 VS
c
 2.8 92.2 5.0 
TeeJet XR 110 04 VS 0.7 47.0 52.4 
TeeJet XR 110 08 VS 0.6 49.6 49.8 
TeeJet AI
d
 110 08 VS 0.1 21.6 78.4 
a
TeeJet Technologies, Wheaton, IL 629 
b
Extended-range flat-fan nozzle 630 
c
Stainless steel with VisiFlo
®
 color-coding 631 
d
Air-induction flat-fan nozzle 632 




Fig. 1. Dynamic spray application bench: (1) high-speed camera, (2) LED lighting, (3) target 635 
surface on linear stage, (4) computer, (5) pressurised tank, (6) solenoid valve, (7) nozzle, (8) 636 




Fig 2. Probability distribution of different impact outcomes on the hydrophobic PTFE coated 639 
slide for a range of Weber numbers (0.001 to 10,000) obtained from logistic regression: ▬  640 
adhesion, --- rebound, 
...























Fig 3. Impact outcomes on the hydrophobic PTFE coated slide of the 419 visually-assessed 643 
impacting droplets: Δ adhesion, ■ rebound, + shatter, ▬ Weber number of transition between 644 
adhesion and rebound (WeA/R = 0.1), --- Weber number of transition between rebound and 645 
























Fig. 4. Cumulative volumetric droplet size distribution for different nozzles at a pressure of 648 
400 kPa: ▬▬ TeeJet XR 110 01 VS flat-fan nozzle, ------ TeeJet XR 110 04 VS flat-fan 649 
nozzle,  TeeJet XR 110 08 VS flat-fan nozzle, 
........ 
TeeJet AI 110 08 VS air-induction 650 









































































































































































































































Fig. 5. Cumulative volumetric droplet velocity distribution for different nozzles at a pressure 653 
of 400 kPa: ▬▬ TeeJet XR 110 01 VS flat-fan nozzle, ------ TeeJet XR 110 04 VS flat-fan 654 
nozzle,  TeeJet XR 110 08 VS flat-fan nozzle, 
........ 
TeeJet AI 110 08 VS air-induction 655 







































































































































































Fig. 6. Mean value and standard deviation of the retention of BSF relative to the theoretical 659 
applied volume (%) of the nozzles (TeeJet XR 110 01 VS flat-fan nozzle = white, TeeJet XR 660 
110 04 VS flat-fan nozzle = light grey, TeeJet XR 110 08 VS flat-fan nozzle = dark grey, 661 
TeeJet AI 110 08 VS air-induction nozzle = black) on the different collectors (PTFE coated 662 
slides, Filter paper and Petri dishes filled with water). Different superscripts denote statistical 663 
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